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Abstract— Low frequency oscillations in the interconnected
power systems are observed all around the world. In this paper,
the authors studied the inter-area mode low frequency
oscillations by analyzing the phenomena in Nashville area of the
Tennessee Valley Authority (TVA) system. Our study revealed 4
dynamic groups of generators in this area. Within each group,
generators swing together and have the same dynamic trend.
Generators from different dynamic groups swing against each
other. The authors studied the possibility of using a Flexible AC
Transmission System/Energy Storage System (FACTS/ESS)
controller to damp the low frequency oscillations in Nashville
area. The active power is controlled to damp the low frequency
oscillation while the reactive power is controlled to keep the
local bus voltage at a constant level. The simulation results of the
actual TVA system show that the energy storage devices can be
used for power system low frequency oscillation damping. The
authors also studied the allocation of different capacity
FACTS/ESS devices to make sure the optimal control effects of
them.

I.

INTRODUCTION

The low frequency oscillations in power systems take place
as the synchronous generators swing against each other. The
frequency range of these oscillations is from 0.1 to 2.5 Hz. It
is related to the dynamic power transfer between areas. At
times, the oscillations may continue to grow causing the
instability of power systems. There are two types of such
oscillations referred to as local mode and inter-area mode,
corresponding to a single-machine-to-infinite-bus structure,
and interconnected power systems respectively [1-3].
Although a number of ways are available for damping the
low frequency oscillations in power system, the power system
stabilizer (PSS) is the most commonly used one. In most
cases, the PSS works well in damping oscillations. However,
because the parameters of PSS is tuned by the original system
parameters, its control has less flexibility, which means the
control results is far from ideal if the operating conditions
and/or structures of the system change [2, 8].
Other modern controllers used to damp the power system
oscillation may include high-voltage dc (HVDC) lines, static
var compensators (SVCs), thyristor-controlled series
capacitors (TCSCs), and others such as FACTS equipments.
FACTS devices have the advantage of flexibility of being
located at the most suitable places to achieve the best control
results [2,4-7].
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FACTS/ESS technology has the advantages in both energy
storage ability and flexibility of its power electronics
interface. FACTS/ESS technology offers an alternative way
in damping low frequency oscillations. FACTS/ESS has been
employed due to its capability to work as active and reactive
power generation and absorption systems. Besides the task of
voltage control, it may also be applied to improve the
transmission capability and system stability [11,12, 16-19].
In this paper, the authors analyzed the low frequency
oscillation phenomena in Nashville area of the TVA system.
The oscillation observed behaves like an inter-area mode
oscillation. There are 4 different dynamic groups of
generators. Generators swing against others in different
groups. In the same group, generators do not swing against
each other. They have the same dynamic trends. The authors
designed a FACTS/ESS controller to damp the low frequency
oscillation in Nashville area. The active and reactive power
controls of FACTS/ESS are independent. The active power of
FACTS/ESS is controlled to damp the low frequency
oscillation. The authors also studied the allocation of
FACTS/ESS devices to make sure the optimal control effects.
The four places where the 4 groups generators are located are
chosen as the testing installation places of FACTS/ESS.
II.
ANALYSIS OF LOW FREQUENCY
OSCILLATION IN BULK POWER SYSTEM
In this study, we use the Eastern U.S. System. It is a
comprehensive system. The detailed characteristics of the
system are shown in Table1.
TABLE 1
CHARACTERISTICS OF THE RESEARCH SYSTEM

System Characteristics
# of buses
# of generators
# of loads
# of transmission lines
Total generation
Total load

Value
10808
2313
12124
15440
59.2 GW / 13.7 GVAR
58.5 GW / 20.4 GVAR

The researched Nashville area is within the TVA system
shown in Fig.1. In this area, there are 4 dynamic generator
groups located at Cumberland, Gallatin, Kingston, and
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Wilson. Low frequency oscillation has been monitored
among these generator groups after a disturbance. We select
one generator from each dynamic cluster (group) as a
representative, which are unit1 at Cumberland, unit2 at
Gallatin, unit3 at Kingston, and unit4 at Wilson. The
disturbance in this study is a half cycle three-phase short
circuit fault at north Nashville (see Fig.1). During the fault,
there is no bypass of the FACTS/ESS devices.

Fig. 3. Relative generator angle of Unit1 (Cumberland), Unit2 (Gallatin), and
Unit3 (Kingston) against Unit4 (Wilson)

Fig. 1. TVA system one-line-diagram at Nashville area

Fig.2 shows the generator angle oscillations of the 4
generator-units at the 4 locations after the disturbance. Fig.3
is the relative angles of the generators in other three areas
(Unit1, Unit2 and Unit3) against the one in Wilson area
(unit4). Low frequency oscillation phenomena are found in
these figures. The oscillation frequency is about 0.6 Hz.

In the same group, generators have no relative oscillation
against each other as shown in Fig. 4. We selected 4
generators in the group at Wilson named Gen1, Gen2, Gen3
and Gen4. Fig. 4 is the relative generator angles of the above
4 generators against Unit4 in the same group. We can see that
there is no relative oscillation. The generators from different
area groups have low frequency oscillation against each other
after a disturbance.

Fig. 4. Relative generator angles against Unit4 the group No. 4 at Wilson

Fig. 2. Generator angle oscillations in the 4 different areas

Fig. 5 is the low frequency oscillation distribution of 17
generators. We chose several generators in each group at the
4 different locations: No.1 and No.2 are located at
Cumberland (there are two generators in this area),
No.3~No.7 are located at Gallatin, No.8~No.12 are at
Kingston, and No.13~No.17 are at Wilson. That is shown in
Table2. We can see that generators in Gallatin oscillate more
violently than those in the other groups.
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TABLE2
GENERATOR LOCATIONS

Cumberland
Gallatin
Kingston
Wilson

three-phase voltage at the secondary winding of the
transformer. This voltage can be varied in magnitude and
phase with respect to the voltage on the high side of the
transformer. The reactive power exchange between the
converter and the ac system is controlled by varying the
phase of the secondary side voltage, the converter,
effectively, a STATCOM that has the added feature of
facilitating active power flow between its dc side and the ac
side. Fig. 7 is a sample FACTS/SMES system [9]. Fig. 8 is
the P-Q plane for each operation mode of FACTS/ESS
devices [9,11,19].

Generator Number
No.1~No.2
No.3~No.7
No.8~No.12
No.13~No.17

Fig. 6. The configuration of FACTS/ESS
Fig. 5. Low frequency oscillation distribution within the research area

In the past, a great deal of attention has been given to local
mode low frequency oscillations. However, study about the
characteristics of inter-area modes and associated control
methods are still not enough and need further study [1].
Nashville case is a typical inter-area mode oscillation in a
complex bulk power system. As the above figures show, the
oscillation mode of Nashville is complex. The oscillation
does not happen only between two areas, but among several
different areas.
III.
POWER SYSTEM LOW FREQUENCY
OSCILLATION DAMPING BY FACTS/ESS

Fig. 7. The sample configuration of FACTS/SMES

FACTS (without ESS) devices can only utilize and/or
redirect the power and energy available on the ac system and
consequently are limited in the degree of freedom and
sustained action in which they can help the power grid. In
contrast, the FACTS/ESS is able to rapidly inject or absorb
active or reactive power and still provides other FACTS
benefits, increasing the effectiveness of the overall control.
Thus, functions such as system stability, transmission
capacity, and the overall supply quality provided by power
electronic devices, including FACTS devices, can be
significantly enhanced by the ability of the ESS to sustain the
actions associated with active power control [9].
The configuration of FACTS/ESS in this paper consists of
three main parts shown in Fig. 6. : an energy storage system
such as battery energy storage system (BESS) and
superconducting magnetic energy storage system (SMES), a
power converter, and a transformer. The converter produces a

Fig. 8. FACTS/ESS P-Q plane for each operating mode when it is connected
to system in parallel
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The control functions of the FACTS/ESS have two parallel
independent parts for active power control and reactive power
control. The active power control is to control the active
power output of FACTS/ESS to suppress the generator rotor
oscillation [8]. The reactive power control is to keep the
terminal voltage at the reference value [10]. Fig. 9 is the
control blocks of the two parts. In Fig. 9 (a), the K in the first
block is the multiplying factor. The second block is the
resetting block which makes Pout zero when t → ∞. The third
block is a phase compensation block that will make Pout be
synchronous with ∆ω. In Fig. 9 (b), KAVR, T1, T2, T3, and T4
are the gain and time constants of the automatic voltage
regulator. K is the negative feed back factor. In our case,
there is no phase shift here with n=0.

(a) Unit2 (Gallatin) generator rotor speed deviation.

(b) Unit2 (Gallatin) generator angle.
(a) Active power control function of FACTS/ESS

(b) Reactive power control function of FACTS/ESS
(c) Unit2 (Gallatin) generator active power output.

Fig. 9. Control function chart of FACTS/ESS controller

In this study, we select four places as the locations where
the single FACTS/ESS will be installed. They are
Cumberland, Gallatin, Kingston and Wilson where the four
groups of generators are located shown in Fig. 1. The
capacities of devices are 8MVA, 24MVA and 50MVA
respectively. The active power control scheme of
FACTS/ESS is to damp its local generator rotor oscillation.
For example, the device installed at Gallatin is to damp the
generator rotor oscillation of Unit2 mentioned above. The
control signal ∆ω (generator rotor speed deviation of Unit2 at
Gallatin) is used as input to control the active power of ESS.
We use FACTS/SMES as an example of FACTS/ESS in this
study. Fig.10 to Fig.13 are the simulation results when the
FACTS/SMES device is installed at Gallatin.
Fig 10 is the Unit2 (at Gallatin) generator rotor speed
control effects by different capacity FACTS/SMES, including
the control effects of generator angle, and active power
output. The simulation results show that the control effect
will be better for the larger capacity equipment. The 50MVA
FACTS/SMES has the best control result. The control effect
of the 8MVA FACTS/SMES is not as good as that of the
50MVA one because of its less and limited capacity. But it
works well after 3 cycles. That means the 8MVA
FACTS/SMES can be an accepted option.

Fig. 10. Unit2 (at Gallatin) control effects by different capacity
FACTS/SMES located at Gallatin

(a) FACTS/SMES output active power.

(b) FACTS/ESS output reactive power.
Fig.11 FACTS/SMES output active and reactive power.
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Fig. 11 is the FACTS/SMES output active and reactive
power. We can find that in Fig.11 (a), all the 50MVA,
24MVA and 8MVA FACTS/SMES have the maximum
active power output for some periods of time because of the
high K control scheme. The reactive power outputs in Fig.11
(b) are almost the same because of the small local voltage
change.
Fig.12 is the relative angle oscillation between Unit2
(Gallatin) and Unit4 (Wilson). We can see that the 50MVA
FACTS/SMES has a best control result. However, the control
result for the Unit4 generator (at Wilson) is not obvious in
Fig.13 because the control scheme of FACTS/SMES is a
local (Gallatin) control.

IV.

ALLOCATION RESEARCH OF DIFFERENT
CAPACITY FACTS/ESS

The allocation of FACTS/ESS devices is very important
for the control results from the whole system point of view.
In this study, we select the four areas where the 4 group
generators are located as the places to install the different
capacity FACTS/ESS to study the control results based on the
allocation. In this study, we use the FACTS/SMES as an
example because the FACTS/BESS has the same control
effects as that of FACTS/SMES.
Fig.14 to Fig.17 show the control results when a 50MVA
FACTS/SMES is installed at Cumberland, Gallatin, Kingston
and Wilson respectively. Comparing with Fig. 5, we can see
that the oscillation in the group where the device is installed
has been damped to a very low level. But the control results
are not obvious for the generators that locate in the areas
where the compensation equipment is not installed. That is a
limit of the local control scheme of FACTS/ESS.

Fig. 12. The relative angle oscillation between Unit2 (Gallatin) and Unit4
(Wilson)

Fig. 14. Control results when FACTS/ESS is located at Cumberland

(a) Unit4 (Wilson) generator speed deviation.

(b) Unit4 (Wilson) generator angle.
Fig. 13. Unit4 (at Wilson) control effects by different capacity FACTS/SMES
located at Gallatin

Fig. 15. Control results when FACTS/ESS is located at Gallatin
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TVA system. It can offer an optimal control results from the
whole system point of view.
TABLE3
MAXIMUM GENERATOR ROTOR SPEED DEVIATION WHEN THERE IS NO
COMPENSATION

Maximum Generator Speed Deviation (x10-4 P.U.)

Unit1

0.647

Unit2

3.234

Unit3

0.857

Unit4

0.636

TABLE4
COMPARISON OF THE CONTROL RESULTS FOR 50MVA FACTS/ESS

Fig. 16. Control results when FACTS/ESS is located at Kingston

Maximum Generator Speed Deviation (x10-4 P.U.)
Unit1
Unit2
Unit3
Unit4

Cumberland
0.247
3.234
0.766
0.469

Gallatin
0.555
1.39
0.798
0.555

Kingston
0.679
3.189
0.045
0.652

Wilson
0.706
3.14
0.906
0.118

TABLE5
COMPARISON OF THE CONTROL RESULTS FOR 24MVA FACTS/ESS

Maximum Generator Speed Deviation (x10-4 P.U.)

Fig. 17. Control results when FACTS/ESS is located at Wilson

Table3 to Table6 show the 4 mentioned above generator
units rotor speed control results for the different capacity
FACTS/SMES when they are installed at different locations.
The value in each column is the maximum generator speed
deviation (P.U.) when a proper capacity FACTS/SMES is
installed at the place named at the top of this column. For
example, the name Cumberland in the second column in
Table4 means there is a 50MVA FACTS/SMES located at
Cumberland. The value does not consider the first peak value
just after the disturbance.
Comparing the data in Table 3 to Table 6, only when the
different capacity FACTS/SMES is installed at Gallatin, the
control results for all the four generator units in the four areas
including Gallatin are obvious or positive, which means the
generator rotor speed deviation for all the four generator units
located in the four areas decreases. When the equipment is
installed at the other three places (Cumberland, Kingston and
Wilson), the generator unit rotor speed deviation in the area
where the device is not installed will increase sometimes.
Thus Gallatin is the suitable place to install the FACTS/ESS
to damp the low frequency oscillation in Nashville area in

Gallatin

Kingston

Wilson

Unit1
Unit2

Cumberlan
d
0.393
3.234

0.604
2.29

0.679
3.234

0.69
3.234

Unit3
Unit4

0.809
0.534

0.841
0.598

0.307
0.625

0.879
0.474

TABLE6
COMPARISON OF THE CONTROL RESULTS FOR 8MVA FACTS/ESS

Maximum Generator Speed Deviation (x10-4 P.U.)

Unit1
Unit2

Cumberland
0.555
3.189

Gallatin
0.631
2.875

Kingston
0.658
3.144

Wilson
0.668
3.234

Unit3
Unit4

0.836
0.593

0.852
0.614

0.679
0.62

0.868
0.614

V.

CONCLUSION

Modern electric power system is very complex consisting
of large amount of different dynamic devices. Low frequency
oscillations in some parts or between parts of the
interconnected power systems have been observed in the
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world.
In this paper, the authors studied the inter-area mode power
system low frequency oscillation by analyzing the low
frequency oscillation phenomena in Nashville area of the
TVA system. This oscillation is an inter-area mode
oscillation. There are 4 groups of generators at 4 different
locations within this area. Generators swing against those in
other groups. In each group, generators do not swing against
each other, having the same dynamic trends. The authors
designed a FACTS/ESS controller and use generator speed
deviation as one of the inputs to damp the low frequency
oscillation in Nashville area. The active and reactive power
controls of FACTS/ESS are independent. The active power of
FACTS/ESS is controlled to damp the local oscillation.
Reactive power of FACTS/ESS is controlled to keep the local
voltage at a standard level.
The authors studied the control results when different
capacity FACTS/ESS were installed at the 4 different
locations such as Cumberland, Gallatin, Kingston and Wilson
respectively.
The study results show that FACTS/ESS can be an ideal
tool to damp the low frequency oscillation. When the control
scheme of FACTS/ESS is the local control, the local damping
result where the FACTS/ESS is installed is very obvious. The
higher capacity such devices have better control effects. The
50MVA FACTS/ESS has the best control effects in this
study. The control results to the generators located in the
other locations are limited because of such local control
scheme.
In our study, control effect when FACTS/ESS is located at
Gallatin is better than those when it is installed at the other
three places from the whole system point of view.
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